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Abstract 
The paper investigates the predominant algal (Microcystis aeruginosa, Microcystis viridis, Microcystis ichthyoblabe, 
and Mirocystis wasenbergii) bloom, their transition behaviors and toxin produced as Microcystin-Leucine+Arginine 
(MC-LR), Microcystin-Arginine+Arginine (MC-RR) and Microcystin-Tyosine+Arginine (MC-YR) by cyanobacteria 
within the ecosystem of Lake Kasumigaura, Japan by using hydrodynamic ecosystem coupled model. Integrating the 
famous Monod functions’ concept the second mode of toxin production and Grover et al. 2011 river reservoirs toxin 
modeling theoretical notion assumes that the rate of toxin production by cyanobacteria depends on proportional to 
blue green algal composition and their abundance. Conceptualizing these two novel idea we have developed a three 
dimensional numerical model and to elucidate the structure of algal species and prediction of toxin production within 
the lake ecosystem. The simulation results compare the toxin (MC-LR, MC-RR and MC-YR) production of some 
stations in the Lake Kasumigaura with the observational data in the month of July, August and September for 2005, 
2006 and 2007.The simulation result shows that there are some dominant species (Microcystis aeruginosa and 
Mycrocystis viridis are highly toxic) with regard to toxin produce in July, August and September in 2005. But in 2006 
and 2007 there is no toxin produced by cyanobacteria (dominant species by Microcystis ichthyoblabe is 
toxic/nontoxic) in the ecosystem of Lake Kasumigaura. Because of timing and duration of the cyanobacteria bloom, 
making scum or colony and dying depends on the selecting parameters i.e. light intensity, temperature, water depth, 
wind direction, buoyancy and N: P ratio etc. But in some cases, toxin production depends on the Microcystis species 
toxic and non-toxic characteristics. The numerical modeling was calibrated by tuning toxin decay coefficient and 
other parameters for achieving a good agreement between the observations and the predictions. 
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1. Introduction 
Cyanobacteria or blue green algal blooms have become an increasing worldwide problem in aquatic 
habitats such as lakes, rivers, estuaries, coastal seas and oceans and in man-made water storage systems [1, 
2]. Some dominant species of cyanobacteria (Microcystis aeruginosa, Microcystis viridis, Microcystis 
ichthyoblabe and Mirocystis wasenbergii) produce toxins as Microcystin-Leucine+Arginine (MC-LR), 
Microcystin-Arginine+Arginine (MC-RR) and Microcystin-Tyosine+Arginine (MC-YR) and other several 
types of hepatotoxin [3-6]. Microcystis bloom typically flourishes in warm, turbid, and slow-moving 
waters [7]. The blooms with the highest biomass occur in lake or reservoirs waters that are high nitrogen 
(N) or phosphorus (P). Microcystis also require sufficient light intensity to conduct photosynthesis, which 
results in blooms [8-9]. Their blooming and toxin production are created major threats to animal and 
human health, tourism, recreation, and aquaculture [10-14]. Cyanobacteria are very tiny, often 
microscopic, plants or plant like organisms that live in water or damp areas which may actually look 
bright green or blue-green [15-17]. When conditions are right, blue-green algae can multiply and 
accumulate rapidly, causing a bloom. The cyanobacteria algae bloom may turn the water neon green, 
blue-green, or reddish-brown; may cause a bad smell and taste in the water; and may form foam or scum 
on the water's surface [18-20]. Some blooms of blue-green algae can produce chemicals that are toxin [21]. 
The presence or absence of a bad smell or taste is not a reliable indicator of the presence or absence of 
algal toxins in the water [22, 23].  
The toxin production ability of certain phytoplankton e.g. Microcystis, Planktothrix, Cyclotella bloom 
forming cyanobacteria have been recorded all over the world [24, 25]. Microcystis is considered as a 
cyanobacterial harmful algal bloom species because it produces scum that blocks recreation sports, 
reduces aesthetics, lower dissolved oxygen concentration and cause taste and odour problems in Lake 
water [26]. The growth of cyanobacteria and the formation of blooms are influenced by a variety of 
physical, chemical and biological factors. As a result of the interaction of these factors, there are may be 
at least two or more year’s fluctuation in the levels of cyanobacteria and converted their toxin [27, 28]. 
There is also seasonal variation with regard to toxin production which species predominant in a specific 
time and location. The N: P ratio as an independent ecological factor in phytoplankton dynamics and 
predicting that N: P ratios will lead to cyanobacteria dominance in respective water bodies [29, 30]. From 
all the cyanobacteria genera present at any time, Microcystis can plausibly assume as the main toxin 
producer in the lake.  Many types of algae thrive in lakes with poor water flow, especially during the hot 
months of the year [31, 32]. However, it is still difficult to accurately define the typical environmental 
conditions that allow the formation of cyanobacteria bloom within lake and consequently to produce toxin. 
Particularly, eutrophication is occurring in an overwhelming number of Japanese lakes and reservoirs, 
and harmful algal bloom or red tide because such problems as toxin production, foul smelling of drinking 
water, fisheries damage and loss of landscape beauty in the recent years [33-36]. Several field and 
laboratory studies have been initiated for the investigation of the cyanobacteria blooms and their species 
distribution behaviours. Some imperative works have been introduced on cyanobacteria growth 
experiments in the laboratory about Lake Kasumigaura have allowed categorization of physiological 
properties of many species and their culture, media and growth phase. 
In this study we have developed a numerical model for predicting the toxin production by certain 
dominant species of cyanobacteria within the shallow and eutrophic Lake Kasumigaura, Japan. Integrating 
the famous Monod functions’ concept [3, 38] the second mode of toxin production and Grover et al. 2011 
river reservoirs toxin modelling theoretical notions [38] assume that the rate of toxin production by 
cyanobacteria depends on proportional to blue green algal composition and their abundance. 
Conceptualizing these two novel idea we develop a three dimensional numerical model and to elucidate 
the structure of algal species and prediction of toxin production within the lake ecosystem. The present 
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study consider the three observational stations like off Tomoe, off Takei and off Kamaya in the Lake 
Kitaura which is the part of Lake Kasumigaura for simulating and analysing the structure of algal species 
and prediction of toxin production scenarios. 
2. Study site and data input 
The study site is a eutrophic and shallow Lake Kasumigaura in Japan. Lake Kasumigaura is located 
about 60-90 km northeast of Tokyo, in the southeast of Ibaraki Prefecture, Japan which includes the Lake 
Nishiura, Lake Kitaura and Lake Sotona-sakura and also encompasses the 56 rivers connecting them [39, 
40]. It is the second largest lake in Japan of 220 km2 surface area, 2150 km2 catchments area, average 
depth 4 m and maximum depth 7 m (Fig. 1). Lake Kasumigaura became a freshwater lake around the year 
1638, during the Edo Period (1600-1868). But originally Lake Kasumigaura a brackish type, it became a 
freshwater Lake in 1976 after construction of a regulatory dyke at its only outlet preventing seawater from 
coming in. The lake environment is crucial to the environment and the huge population residing around its 
banks in about 45 cities [19, 41]. Due to this fact and the degrading water quality have attracted many 
national and international researchers to focus on analyzing the water quality problems especially 
etrophication and toxic processes of Lake Kasumigaura. In this study we used the observation data from 
three stations (off Tomoe, off Takei and off Kamaya) of Lake Kitaura which is the part of Lake 
Kasumigaura. Its main morphological data and characteristics are shown in Table 1. 
Table 1.  Morphological characteristics of the Lake Kasumigaura 
The origin  Track of Lake  Part of Lake  Area/depth 
The sea mixed Lake  Freshwater 
With fresh water 
The surface of Lake  219.9 km2   Nishiura   171.5km2 
      Kitaura   36.2 km2 
      Sotona-sakura  12.2km2 
Lake front line  252km   Nishiura   122km 
      Kitaura   75km 
      Sotona-sakura  55km 
The depth of the water Ave. 4m, up to 10m  Highest depth Nishiura 7m 
      Highest depth Kitaura  10m 
Surface of the water 0.26-0.46m above sea level      
Pond   848,000,000m3       Nishiura 642,000,000 m3; Kitaura 172,000,000m3 
Number of Inflow Rivers 56 Rivers   Nishiura   29 Rivers 
      Kitaura   23 Rivers 
      Sotona-sakura  4 Rivers 
Annual inflow quantity of water approximately 1,400,000,000m3 
Lake Basin area     Nishiura   170.78km3 
      Kitaura   35.62km2 
 
Biological and chemical data were collected fortnightly at various levels in water column from July 
2005 to September 2007 by the department of Environmental Sciences, Shinshu University, Japan [42, 
43]. Station wise depth-area integrated water samples were collected monthly from July 2005 to 
September 2007. Water samples were collected in a10-1 plastic vessel for determination of phytoplankton 
biomass from surface water from the selected three stations within the Lake Kitaura part in July 2005 to 
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September 2007 [6, 8, 10]. Because recently Lake Kitaura is highly eutrophic and huge inflow nutrients 
come from Lake Nishiura and other connected river basins. Biomass was estimated as chlorophyll a 
determined from a water sample that was filtered through a glass fibber filter (GF/C, Whatman, and 
Maidstone, UK) and then freeze dried. The Microcystis cells on the filter were extracted and analyzed 
with reverse-phase high-performance liquid chromatography (HPLC) [10]. Phytoplanktons concentrated 
with the plankton net were identified by the light microscopy (Olympus Bh-12, Tokyo, Japan) [44, 45]. 
The sample solution was applied to a reverse-phase HPLC system equipped with an ODS column 
(Cosmosil 5C18-AR, 4.6×150 mm; Nakalai, Japan). The HPLC system consisted of a Shimadzu (Kyoto, 
Japan) LC-9A pump coupled to an SPD-10A UV detector set at 238 nm, an SPD-M10A photodiode array 
detector, and a C-R6A integrator. The sample was separated with a mobile phase consisting of a 
methanol: 0.05 M phosphate (pH 3.0, 58:42) at flow rate of 1mL min-1 [8, 10]. The observational data for 
Microcytsis concentration DIP and DIN composition and toxin production rate in several months, stations 
and volume were quantified by standard MYCST-LR, MYCST-RR, MYCST-YR provided by Department of 
Environmental Sciences, Shinshu University, Japan under Prof. Dr. Ho-Dong Park [6, 10].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Study site Lake Kasumigaura and its associated parts Lake Kitaura and Lake Nishiura 
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3. Methods and materials 
The methods of this study are basically depend on numerical simulation by using hydrodynamic 
ecosystem coupled model and our developed toxin production model concepts. The following models and 
concepts are significantly used to complete this study. 
3.1. Model descriptions 
This study has been done based on hydrodynamic ecosystem coupled model. This model combined 
with hydrostatic numerical model and ecosystem submodel. The brief idea about these models is below: 
3.1.1. The hydrodynamic numerical model 
 
The hydrodynamic ecosystem coupled model has been described in Kitazawa et al. 2010 and just we 
have briefly recalled in this paper its basic equations and precise concepts [46, 47]. The hydrostatic 
numerical model is based on the assumptions that the weight of water identically balances the pressure 
(hydrostatic approximation) and that differences in density are neglected until the differences are 
multiplied by gravity (Boussinesq approximation). The governing equations are described in the Cartesian 
coordinate system, where x, y, and z axes point eastward, northward, and vertically upwards, respectively. 
The origin of the coordinate system is placed on the mean water level at the southwest end of the 
computational area [48]. The time variation in the fields of current velocity, water level, water temperature, 
density are described by the equations of momentum, the continuity equation, the advection-diffusion 
equation of heat, and the equation of the state [49] (Table 2 in Appendix A.1). The definitions of each 
process are summarized in Table 3 (Appendix A.2) and formulations of each process of selective 
parameters in the ecosystem submodel are shown Table 4 (Appendix A.3). The following equations are: 
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where t (s) is time, u, v, and w (m/s) the x, y, and z components of current velocity, 0 (=1000 kg/m3) the 
reference density of water,  (kg/m3) the density of water, p (N/m2) the pressure, g (=9.80665 m/s3) the 
acceleration due to gravity, f (=8.35 x 10-5 1/s) the Coriolis parameter, AM (=2.5 m2/s for 1000 m mesh) 
the horizontal eddy viscosity coefficient, KM (m2/s) the vertical eddy viscosity coefficient, T (oC) the water 
temperature, AH (=2.5 m2/s for 1000 m mesh) the horizontal eddy diffusivity coefficient, KH (m2/s) the 
vertical eddy diffusivity coefficient, and RTMP (oC/s) the heat flux through rivers. Fixed values were used 
for the horizontal eddy viscosity and diffusivity coefficients [48]. 
Assuming that chemical materials and planktons are passively transported based on the surrounding 
water current, their time variations can be described by an advection-diffusion equation. 
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where C (µg/l or mg/l) denotes each state variable, i.e., the concentrations of dissolved oxygen, nutrients, 
and phytoplankton, qC (µg/l/s or mg/l/s) the time variability in each state variable caused by biochemical 
processes in a lake, and RC (µg/l/s or mg/l/s) the flux of chemical materials through rivers. The equations 
(1), (2), (5), and (8) contain vertical eddy viscosity and diffusivity coefficients. In general, stratification 
suppresses the vertical transport of momentum, heat, chemical materials, and planktons across 
thermocline. To take this effect into account, the parameter values of vertical eddy viscosity and 
diffusivity coefficients were determined on the basis of stratification functions described as follows: 
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3.1.2. Boundary conditions  
 
The velocity component normal to walls was set to be zero. Free-slip condition was applied to the 
velocity component parallel to walls. The normal gradients of water temperature and each state variable 
were zero so that there were no advective and diffusive fluxes of heat, chemical materials, and planktons 
through walls. The transportation of heat and chemical materials through rivers can be described. 
 
 
R
R
TMP V
TTRR  ,  
R
R
C V
CCRR                 (9) 
 
172  M.N. Islam et al. / Procedia Environmental Sciences 13 (2012) 166 – 193172 M.N.Islam et al./ Procedia Environmental Sciences 8 (2011) 166–193 
 
where R (m3/s) is the amount of water which inflows through rivers, VR (m3) the volume of the region in 
which rivers inflow, TR (oC) water temperature in rivers, and CR (µg/l or mg/l) the concentrations of 
chemical materials in rivers. The boundary conditions at water bottom, z=-H (m), can be written, 
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where xB and yB (N/m2) are bottom frictional stresses, which can be written using friction coefficient γ2 
(=0.0026), 
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The boundary conditions at the sea surface, z= (m), can be described, 
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where Cp (=3.93 x 103 J/kg/K) is the specific heat of water and pa (N/m2) atmospheric pressure. x and y 
(N/m2) are the surface frictional stresses caused by wind and can be written.  
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where Cd (=0.0015) is wind friction coefficient, a (kg/m3) the density of air, Wx, and Wy (N/m2) wind 
velocities in x and y directions, respectively. QT (J/m2/s) is the heat flux through water surface and is 
composed of short wave solar radiation Qs (J/m2/s), net long wave radiation Ql (J/m2/s), sensible heat 
transport due to convection Qh (J/m2/s), and latent heat transport due to evaporation Qe (J/m2/s). 
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Each flux can be estimated (Table 6 and Table 7) (See appendix A.5) by the following empirical 
equations [54]. 
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where Qs0 (J/m2/s) is global solar radiation, ref(-) the albedo at water surface, s (=0.96) the emissivity, 
(=5.67 x 10-8 W/m2/K4) the Stefan-Boltzmann constant, c (=0.65) the cloud coefficient which is a 
function of latitude, C (-) the amount of cloud, Ea (hPa) the vapor pressure, Ta (oC) atmospheric 
temperature, Ca (=1.01 x 103 J/kg/K) the specific heat of air, a (kg/m3) the density of air, CH (-) the 
coefficient of bulk transport, W (m/s) wind velocity, L (=2.45 x 106 J/kg) the latent heat of evaporation, qs 
(-) the saturated specific humidity, qa (-) the specific humidity, CE (-) the coefficient of bulk transport. 
Short wave solar radiation penetrates water and its intensity was assumed to decay in an exponential 
function. 
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where kex (1/m) the extinction coefficient of light which will be formulated in Eq. 23. Vapour pressure can 
be calculated 
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where h (-) is relative humidity, Es (hPa) the saturated vapour pressure which is calculated by the Tetens 
equation. The density of air, the saturated specific humidity, and the specific humidity can be described 
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3.1.3. Ecosystem model 
The ecosystem sumodel is the based on the observed features of a eutrophic level food web in Lake 
Kitaura. The ecosystem model contains seven state variables such as: phytoplankton (PHY), zooplankton 
(ZOO), particulate and dissolved organic carbon (POC and DOC), dissolved inorganic phosphorus and 
nitrogen (DIP and DIN), and dissolved oxygen (DO). Phosphorus and nitrogen are two nutrients that 
control the primary production. In this model many species of phytoplankton or zooplankton were 
summarized by one state variable for simplicity [46, 47]. Particulate organic carbon refers to fecal pellets, 
dead phytoplankton, zooplankton and bacteria.  
Then phytoplankton is dominated by Microcystis aeruginosa, Microcystis viridis, Microcystis 
ichthyoblabe, and Mirocystis wasenbergii during the month of July, August and September in Lake 
Kitaura. The pattern of phytoplankton species is associated mainly with the seasonal variation in nutrients 
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levels. Recent characteristic of the pattern of phytoplankton observation is rapid change in species among 
seasons. Many species of phytoplankton are summarized by one state variable for simplicity and similarly, 
zooplankton is dominated by many species depending on supply of food such as phytoplankton and 
bacteria, while it is also summarized by one state variable. Definition and numerical values of parameters 
in the ecosystem submodel are shown in the (Table 5) (See Appendix A.4). Chemical matters and 
planktons are assumed to be transported by the surrounding water current. 
4. Developed toxin production numerical model and application 
4.1. Background concept of develop toxin model  
According to famous Monod functions, 1949 the second mode of toxin production (eq. 26) assumes 
that the rate of toxin production depends on proportional to the blue green algal composition and their 
abundance. 
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According to Grover et al. (2011) riverine reservoir toxin production model, the governing equation 
system is (eq. 27): 
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By using equation (26) and (27) we make the following the toxin production model for lake ecosystem. 
Here α is nutrient exchange rate between main channel and storage zone and Cs is toxin concentration in 
storage zone. 
 
kCN
RK
R
t
C









 max +α(Cs-C)                                                   (28) 
 
But in this case, our assumption is that there is no inflow toxin )( CCs  from outside of the Lake 
basin. So we can find the equation of toxin production model for Lake Ecosystem. The developed toxin 
model parameters symbols, definition, units and ideal values are shown in the Table 8. Our developed 
toxin production model is below: 
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 max                       (29) 
 
Here, C is toxin; C (Tx) µg/L and 
t
C


=µg/L/S. kC = toxin decay coefficient. 
This model is used for different perspective for toxin production in the ecosystem of Lake 
Kasumigaura. Cyanobacteria toxin production varied by many factors the P and N-limiting cyanobacteria.  
The key model is used for different submodels for analyzing the toxin production by total phosphorus, 
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total nitrogen and some dominant species of cyanobacteria. The following sumbmodels are used for 
predicting the toxin production under P, N, both P and N-limiting cyanobacteria.  All of the submodels 
included qTxr term for inflow toxin added by river basin and other drainages. But we just keep the term 
qTxr in all the phase in our model. But in this step there is no toxin inflow from river to the sample 
stations in the lake Kitaura (eq. 30, 31 and 32). Our next study will perceptibly try to consider the inflow 
toxin from the associated rivers.  
4.2. Toxin production model under  P- limiting cyanobacteria 
This submodel is used for analyzing the toxin production under P-Limiting cyanobacteria. 
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.
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Here inflow toxin )( TxTxs  from outside of the lake basin. Tx  is toxin, α is nutrient exchange 
rate between main channel of river basin and main lake zone and sTx  is toxin concentration in storage 
zone of the lake. 
4.3. Toxin production model under  N- limiting cyanobacteria 
This submodel is used for analyzing the toxin production under N-Limiting cyanobacteria 
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4.4. Toxin production model under both the P and N-limiting cyanobacteria 
This submodel is used for analyzing the toxin production under both P and N-Limiting cyanobacteria 
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(30) 
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4.5. Grid system and computational conditions  
The physiographic and topographical characteristics of Lake Kitaura are shown the Fig.1 and layer 
structures and grid systems are presented in Fig. 2a and Fig. 2b, respectively. The computation area is 
latticed by the structured grid, the size of grid which is 500 m in the horizontal direction, and is 0.5 m in 
the vertical direction. A staggered grid system is adopted to arrange the elevation points of flow velocity 
and pressure, water temperature, density, and each state variable. 
4.6. Scale conversation of cells/mgC to phytoplankton mgC/L 
In the hydrodynamic model and ecosystems submodel consists the phytoplankton concentration unit is 
mgC/L but the observation data unit was cells/mgC. In this context we need to convert the phytoplankton 
concentration rate from cells/mgC to mgC/L. The following calculation is used and we get a relationship. 
 
]/[10600/600 6 cellmgCcellpgC   
]/[
10600
1/ 6 LmgCPHYmgCCells 


 
Table 8. Notations and ideal valued used for the toxin production model by cyanobacteria within a lake 
Symbol  Definition      Units  Values 
t  Time coordinate     Day  0.000d0 
Tx  Toxin production by dominant species of cyanobacteria  µg/L 
ε1.Pcya  Toxin production coefficient for P-limiting cyanobacteria µg/cell  1.25d-8 
ε2.Zcya  Toxin production coefficient for N-limiting cyanobacteria µg/cell  0.00308d0 
µmax  Maximal growth rate of algae    Day-1 
R  Maximal growth rate of nutrients    µmol/L/Day 
K  Half saturation constant for algal growth   µmol/L 
N  Algal abundance within the lake    cells/mL 
k  Toxin decay coefficient    µg/cells/day 
TxPdc  Toxin decay coefficient of P-limiting cyanobacteria  µg/cell  0.000d0-0.003d0 
TxZdc  Toxin decay coefficient of N-limiting cyanobacteria  µg/cell  0.000d0-0.003d0 
HxPcya  Toxin production under P-limiting cyanobacteria  µg/L 
HxZcya  Toxin production under P-limiting cyanobacteria  µg/L 
TxPZcya  Toxin production under  both P and N-limiting cyanobacteria µg/L 
HPcya  Half saturation constant of P-limiting cyanobacteria  µgP/L  5.7d0 
HNcya  Half saturation constant of N-limiting cyanobacteria  µgN/L  0.14d0 
Pµmax  Maximal growth rate of P-limiting cyanobacteria  Day-1  0.6d0 
Zµmax  Maximal growth rate of N-limiting cyanobacteria  Day-1  0.6d0 
Sratio  Conversion of cells/mgC to phytoplankton mgC/L  Day-1  1.7d3 
KDIP  half saturation constant of phosphorus   µgP L-1  2 
KDIN  half saturation constant of nitrogen   µgN L-1  25 
hsp  half saturation constant of inorganic state phosphorus intake µgP/m3  25.d0-40.d0 
hsn  half saturation constant of inorganic state phosphorus intake µgN/m3  45d.0-60.d0 
erp  cell accumulate ratio     [-]  0.135d0  
DIP  Dissolved inorganic phosphorus    [µgP L-1s-1] 
DIN  Dissolve inorganic nitrogen    [µgN L-1s-1]   
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PHY  Phytoplankton     [1 (µg L-1)-1 day-1] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2a. Sample station and layer of the lake                                   Fig. 2b. Grid structures, size and directions. 
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4.7. Calibration  
The model was calibrated with phytoplankton data collected from July 2005 to September 2007. Since 
the tuning and calibrating the model shows that some of the parameters carry major or minor functions on 
phytoplankton biomass and dominant species of Microcystis composition. We decided to fix them by 
changing the value of half saturation constant of P and N-limiting cyanobacteria 5.7d0-12.5d0 and 
0.14d0-1.5d0, half saturation constant of inorganic state P and N intake 25.d0-40.d0 and 45.d0-60.d0  and 
toxin decay coefficient of both P and N-limiting cyanobacteria 0.000d0-0.003d0 and 0.000d0-0.003d0 
respectively. Because of some predetermined parameters may compensate in this study we define them 
maximal growth rate of algae and their nutrients, maximal growth rate of P and N-limiting cyanobacteria 
0.6d0 and 0.6d0 , toxin production coefficient for P and N-limiting cyanobacteria 1.25d-8 and 0.00308d0  
values respectively, algal abundance within the lake, flux, respiration and mortality rates of cyanobacteria 
species. 
4.8. Validation 
Verification, validation is better understood as a process that results in an explicit statement about the 
behavior of a model. Once calibration is achieved validation is always required to get a picture of the 
model reliability [50, 11]. This demonstration indicates that the model is acceptable for use, not that it 
does not embody any absolute truth, nor even that it is the best model available. For operational validation, 
the demonstration involves a comparison of simulated data with data obtained by observation and 
simulation measurement of the real system [51]. In our study we try to demonstrate a comparison between 
the observation and simulation with the obtained data on Microcystis, Plalnktothrix, Cyclotella, DIP, DIN 
and Toxin (Microcystin LR, RR, YR) for achieving the good agreement and validity of toxin production 
model.  
4.8.1. Simulation for water level and Microcystis, Planktothrix and Cyclotella 
 
For validating the model, it was used for simulation of water lever and saturation of Lake Kitaura. It is 
observed that the water level is well fitted in the 0.2 m height. Sometimes it shows a bit discrepancy but it 
may be happened by wind speed and direction (Fig. 3). Our model can simulate the toxin production by 
Microcystis, Planktothrix and Cyclotella. But in this study, the model primarily examines the toxin 
production by only Mycrocystis dominant species within the ecosystem of Lake Kitaura. The simulation 
results show that the good agreement of Microcystis, Planktothrix, Cyclotella observation and simulation 
values (Fig. 4). 
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Fig. 3. Simulation results of water level and saturation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.8.2. Simulation for Microcystis and DO concentration in off Tomoe, Takei and Kamaya station 
 
 
 
Fig. 4. Microcystis, Planktothrix and Cyclotella distribution 
The simulation results show that Microcystis concentration mgC/m-3 of observation and simulation 
data are set of good agreement of station off Tomoe and off Takei. But station off Kamaya shows a little 
bit discrepancy (Fig. 5a, 5b, and 5c).  The Fig. 5d shows the simulation result of the dissolved oxygen 
distribution both upper and bottom layer in the ecosystem of Lake Kitaura. The simulation results indicate 
the availability of dissolved Oxygen in the month August 2005. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5a. Microcystis  concentration in off Tomoe                                 Fig. 5b. Microcystis  concentration in off Takei 
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 Fig. 5c. Microcystis concentration in off Kamaya                        Fig. 5d. Dissolved Oxygen (DO) concentration in Kitaura 
5. Results and discussions 
High levels of nutrients, usually phosphorus and nitrogen, can cause increases in natural biological 
production in rivers, lakes and reservoirs. These conditions can result in visible cyanobacteria or blue 
green algal blooms, surface scum, floating plant mats and aggregations of plants attached to underwater 
surfaces. The levels of phosphorus in the water often limit the growth of cyanobacteria, but in a 
substantial number of lakes in Japan including Lake Kasumigaura, the dissolved phosphorus (P) and 
nitrogen (N) concentrations are the limiting factors.  
Table 9 Dominant Microcystis species in Lake Kasumigaura in 2005-2007 
Year Dominant species  Status              Toxin References * 
2005 Microcystis aeruginosa High Toxic Yes Tanabe et al. 2011; Gromov et  al. 1996 
Honma and Park 2005; Kondo et al 1996;  
 Mycrocystis viridis  High Toxic  Nagai et al. 2007; Ozawa et al. 2005;  
Park et al. 1993, 98. 
Microcystis ichthyoblabe Toxic/No Toxic  Sabour et al.2009; Kondo et al. 1996 
 Mirocystis wasenbergii No Toxic   PreBel et al. 2005; Song et al. 1986 
2006 Microcystis ichthyoblabe No Toxic  No Sabour et al.2009; Viser et al. 1997. 
2007 Microcystis ichthyoblabe No Toxic  No Sabour et al.2009; Chen et al. 2009 
 
* References No. [4, 6, 8, 10, 13, 23, 36, 52-57].  
 
Some lakes are naturally eutrophic, but in most the excess nutrient input is of anthropogenic origin, 
resulting from wastewater discharges or run-off from fertilisers and manure spread on agricultural areas.  
The simulation result of this study are shown that the toxin production rate varies to the limiting 
cyanobacteria as like as phosphorus (P) or Nitrogen (N) limiting cyanobacteria species. The result also 
shows that the both P and N limiting cyanobacteria produce toxin but the amount of toxin production rate 
is much higher than the N limiting cyanobacteria in the ecosystem of Lake Kasumigura. The previous 
literature and scientific researchers’ outcomes reflect that the dominant species of cyanobacteria in the 
lake Kasumigaura in 2005, 2006 and 2007 were four types of dominant species of cyanobacteria 
Microcystis (Table 9).  
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Fig. 6a. Toxin production off Tomoe in 2005                                                    Fig. 6b. Toxin production off Takei in 2005 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6c. Toxin production off Kamaya in 2005                           Fig. 6d. Area wise (µV.sec) toxin LR, RR, YR distribution 
 
In 2005 the observation data of toxin production are shown off Tomoe station that in July total 
Microcystin was 0.9 µgL-1, in August 11.93 µgL-1 and in September 4.41µgL-1. In off Takei station toxin 
was in July 0.16 µgL-1, in August 0.84 µgL-1 and in September 0.0 µgL-1. In off Kamaya station toxin was 
in July 1.02 µgL-1, in August 0.53 µgL-1 and in September 0.0 µgL-1. The Fig 6.a and 6.b demonstrate that 
the toxin production rate in off Tomoe station is higher than the other two stations off Takei and off 
Kamaya. Off Tomoe station location is near shoreline. The reasons of high toxin may occur in this station 
due to location, faster growth of algae due to wind direction and buoyancy [58]. As a result in the algae in 
day time in summer move into surface and angle station off Tomoe. Another reason may be inflow 
nutrients come from river basins and they encourage to growing cyanobacteria that are produced toxin. 
The results also show that in the month of August 2005 toxin production is higher than July and August in 
2005. So, the results of this study indicate the rates of toxin production by dominant species of 
cyanobacteria in Lake Kasumigaura are affected by the seasonal and spatial variation (Fig 6a, 6b, and 6c). 
The Figure 6.d shows the Microcystin LR, RR, YR depends on the area (µV.sec). The production 
Microcystin LR, RR and YR are highly correlated with the area (µV.sec). 
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5.1.1. Toxin production under phosphorus (P) limiting cyanobacteria 
 
In this model we change toxin decay coefficient parameters value 1.d0 to 0.00d0 in the both P and N-
limiting cyanobacteria toxin decay coefficient. When we set the toxin decay coefficient value was 1.5d0 
then toxin production rate was shown in simulation lower than observation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7. Toxin production behavior considering both P-limiting cyanobacteria among the three stations. 
If we set our model the toxin decay coefficient value is 0.00d0 then simulation result shows that the 
toxin production rate higher than the observation. So we can say that toxin decay coefficient affects the 
toxin production rate by cyanobacteria in the lake Kitaura. The present result shows that the total 
observation toxin MC-LR, MC-RR, MC-YR (μgL-1）off Kamaya station is in the month of July, August and 
September in 2005 accordingly 1.5 μgL-1 , 0.47 μgL-1 and 0.0 μgL-1 (Fig. 7). But simulation data shows 
that 1.78 μgL-1, 1.00 μgL-1 and 0.00 μgL-1. In case of station off Tomoe is in the month of July, August 
and September, 2005 accordingly 0.06 μgL-1, 12.33 μgL-1 and 2.2 μgL-1. But simulation data shows that in 
July 1.23 μgL-1, August 1.35 μgL-1 and September 1.25 gμL-1. And off Takei station, the total 
observational toxin MC-LR, MC-RR, MC-YR (μgL-1） in the month  of July, August and September 
accordingly 0.2 μgL-1 , 0.6 μgL-1 and 0.00 μgL-1. But simulation results show that in July 1.5 μgL-1,  
August 1.0 μgL-1 and September 0.00 μgL-1 in 2005. 
 
5.1.2. Toxin production under nitrogen (N) limiting cyanobacteria 
 
In this case we consider the toxin production coefficient for N-limiting cyanobacteria (mg/cell). In this 
model we change toxin decay coefficient parameters value 1.0d0-1.5d0 and 0.00d0-0.01d0 in the N-
limiting cyanobacteria. Maximal growth rate of algae (µmax), N-limiting cyanobacteria value is 0.6d0, 
half satuartion constatnt for algal groth 3.1d0. The simualtion results shows that the off Takei staion toxin 
production rate  and off Kamya station toxin production rate has a good similarity both simualtion and 
observation (Fig. 8.a,  8.b and 8.c). The results of off Tomoe station observation and simulation valsues 
are shown high discrepancy. Observation value in the month of August 2005 is 11.93μgL-1 but simulation 
result shows the value toxin 1.23μgL-1 in August 2005. It may be happened for considering only N-
limiting cyanobacteria [38].  
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Fig.8a. Observation and simualtion result of toxin production off Tomoe station under N-limiting cyanobacteria 
 
 
 
 
 
 
 
 
 
 
Fig.8b. Observation and simualtion result of toxin production off Takei station under N-limiting cyanobacteria 
 
 
 
 
 
 
 
 
 
 
 
Fig.8c. Observation and simualtion result of toxin production off Kamya station under N-limiting cyanobacteria 
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5.3.4. Toxin production behavior under combined P and N-limiting cyanobacteria 
The simulation results shows that the both P-limiting and N-limiting cyanobacteria are produced 
microcystin toxin within the ecosystem of Lake Kasumigura. The simulation result shows that sometimes 
the toxin production rate varies to the limiting cyanobacteria as like as P-limiting or N-limiting 
predominant species.  
The result also shows that the both P and N limiting cyanobacteria produce toxin but it’s amount  a 
little bit higher that the observational data for toxin production in the ecosystem of lake Kasumigura 
(Fig.9a., 9.b. & 9.c.). It may be happened by the concentration N: P ratio and cells concentration of both P 
and N limiting cyanobacteria. 
 
 
 
 
 
 
 
 
 
 
 
 
    Fig. 9a. Toxin production behavior considering both P and N-limiting cyanobacteria off Tomoe stations 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9b.Toxin production behavior considering both P and N-limiting cyanobacteria off Takei stations 
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Fig. 9c. Toxin production behavior considering both P and N-limiting cyanobacteria off Kamaya stations 
6. Conclusion 
There are many factors and parameters that have been shown to affect toxin production by 
cyanobacteria within the ecosystem of Lake Kasumigaura. Those are light intensity, temperature (20 -
250C, wind direction and buoyancy, phosphorus and nitrogen dominant cyanobacteria, total nitrogen and 
phosphorous ratio. The results of evidently illustrate that cyanobacteria are the most toxic during periods 
with warm weather and in areas with temperate climates. The aim this study was to model toxin 
production by cyanobacteria and to elucidate the structure of algal species and prediction of toxin 
production within the lake ecosystem of Kasumigaura. The conceptual idea of the model and dominant 
species of the study area in 2005, 2006 and 2007 was determined by the various scientific literature 
evaluations on Lake Kasumigaura. Inflow toxins were not considered in this preliminary study in order to 
avoid a large part of the model calibration and to have continuing understanding of important method of 
the model behaviours.   
As toxin production in Lake Kasumigaura varies greatly among different strains of the dominant 
species, seasonal and spatial distribution and others physiochemical factors. Cyanobacteria can use a wide 
spectrum of light for photosynthesis and are able to migrate to surface to maximize the light intensity. 
However, the very turbidity can reduce the availability of phosphate and thus limit their growth. 
Turbulence and high water flow, on the other hand, are unfavourable to the growth of cyanobacteria. 
Heavy rains storms can increase runoff and nutrient levels in the water and thus encourage the formation 
of algal blooms.  
    The developed model helped us to shed light on some of the controlling factors of cyanobacteria 
dominant species toxin production behaviours. The model conceptual ideas confirm that the vertical 
stratification and therefore the circulation of lake influence the cyanobacteria development. In our model 
when we can change the toxin decay coefficient value from 1.d0 μgL-1 to 0.00d0 μgL-1 the simulation 
result of toxin production improve and the results make a good agreement with the between simulation 
and observation data. Some cases it occurred a minor or major discrepancy. In 2005 the dominant species 
of Microcystis was Microcystis aeruginosa, Microcystis viridis, Microcystis ichthyoblabe and Mirocystis 
wasenbergii. Microcystis aeruginosa and Microcystis viridis are highly toxic and But in 2006, 2007 
dominant species was only Microcystis ichthyoblabe that is non-toxic. It may be happened by the 
concentration N: P ratio and cells concentration of both P and N-limiting cyanobacteria. One of the major 
limitation of this model, the observational data shows that in July, August and September 2005 in all of 
the three stations off Tomoe, off Takei and off Kamaya in the Lake Kitaura toxin is detected by both 
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observation and simulation results. In the case of year 2006 and 2007 in all of the stations are not 
observed by experiment data but in our model toxin detected. In this case we can consider some coclusion 
as predominant species was Microcystis was different in 2005, 2006 and 2007, minimal growth rate of 
algae in 2006 and 2007 and algal abundance was low in this time 2006 and 2007.The next step in this 
study includes inflow rivers toxin in our model and try to find out the explanation why the concentration 
in 2006 and 2007 dominant species was only Microcystis ichthyoblabe.  
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Table 2. Modeling of the time derivative term of each state variable due to chemical and biological processes 
State Variable Modeling of the time derivative term of each state variable 
Phytoplankton 
gzpisphimphiephirphigphiPHY PPPPPPq  ,,,,,,  
Cell Quota of Phosphorus 
 
i
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Zooplankton 
mzoezorzogzcgzpZOO PPPPPq   
Particulate Organic Carbon 
spcepcrpcmzoezogzcmphPOC PPPPPPPq   
Dissolved Organic Carbon 
rdcepcephDOC PPPq   
Dissolved Inorganic Phosphorus    
   
    
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Dissolved Oxygen  
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
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Appendix A.2 
Table 3 Definition of each process in the ecosystem model 
Symbol Process Symbol Process 
Pgph,i primary production of phytoplankton Pezo egestion of zooplankton 
Prph,i respiration of phytoplankton Pmzo mortality of zooplankton 
Peph,i extracellular release of phytoplankton Prpc decomposition of POC 
Pmph,i mortality of phytoplankton Pepc fraction production from POC 
Psph,i sinking of phytoplankton Pspc sinking of POC 
Pcqp uptake of phosphorus Prdc decomposition of DOC 
Pcqn uptake of nitrogen Prdp release of phosphorus from bottom 
Pgzp grazing of phytoplankton Prdn release of nitrogen from bottom 
Pgzc grazing of POC Pado re-aeration at surface 
Przo respiration of zooplankton Pcdo consumption of oxygen at bottom 
Appendix A.3 
Table 4. Modeling of each process in the ecosystem model 
(a) Phytoplankton and zooplankton 
 
State variable Modeling of each process 
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 (b) Chemical matters 
State variable Modeling of each process 
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Table 5. Definition and numerical values of parameters in the ecosystem model 
(a) Phytoplankton 
Symbol Definition Value (i=1) 
Value 
(i=2) 
Value 
(i=3) Unit 
GP maximum growth rate of phytoplankton 2.4 2.4 2.2 day-1 
TP temperature coefficient of phytoplankton 30 20 10 oC 
QP optimum light intensity represented by heat flux 96 48 48 J m-2 s-1 
Qs light intensity represented by heat flux at surface boundary condition J m-2 s-1 
k extinction coefficient of light * * * m-1 
kb base extinction coefficient of the lake 0.5 m-1 
ks extinction coefficient based on the concentration of 
chlorophyll a 
0.02 (µg L-1)-1 m-1 
RP respiration rate of phytoplankton 0.03 0.03 0.03 day-1 
θP temperature coefficient of phytoplankton 1.05 1.05 1.05  
EP ratio of extracellular release to photosynthesis 0.13 0.13 0.13  
γP coefficient for extracellular release based on the 
concentration of chlorophyll a 
-8.4 x 10-
4 
-8.4 x 10-
4 
-8.4 x 10-
4 
(µg L-1)-1 
MP mortality rate of phytoplankton 0.0001 0.0001 0.0001 (µgC L-1)-1 day-1 
wP sinking rate of phytoplankton * 0.1 0.1 m day-1 
UPmax maximum uptake rate of phosphorus 4 4 4 day-1 
UNmax maximum uptake rate of nitrogen 1.8 1.8 1.8 day-1 
KDIP half saturation constant of phosphorus 40 20 5 µgP L-1 
KDIN half saturation constant of nitrogen 60 80 100 µgN L-1 
CQPmax maximum quota of phosphorus 16 16 16  
CQNmax maximum quota of nitrogen 8 8 8  
cpPHY ratio of phosphorus to carbon in phytoplankton 0.0062 0.0062 0.0062 µgP (µgC)-1 
cnPHY ratio of nitrogen to carbon in phytplankton 0.063 0.063 0.063 µgN (µgC)-1 
coPHY ratio of oxygen to carbon in phytoplankton 0.0031 0.0031 0.0031 µgO (mgC)-1 
chlac ratio of chlorophyll a to carbon in phytoplankton 0.025 0.025 0.025 (µg L-1) 
 (µgC L-1)-1 
*The value is modeled by several mathematical equations 
(b) Zooplankton 
Symbol Definition Value Unit 
GZ grazing rate of zooplankton 0.65 day-1 
η Ivrev constant 0.006  
KTH threshold of grazing of zooplankton 0 µgC L-1 
θZ temperature coefficient of zooplankton 1.05  
RZ respiration rate of zooplankton 0.15 day-1 
aZ assimilation efficiency of zooplankton 0.6  
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MZ mortality rate of zooplankton 0.005 (µgC L-1)-1 day-1 
cpZOO ratio of phosphorus to carbon in zooplankton 0.024 µgP (µgC)-1 
cnZOO ratio of nitrogen to carbon in zooplankton 0.18 µgN (µgC)-1 
coZOO ratio of oxygen to carbon in zooplankton 0.0035 µgO (mgC)-1 
 
(c) Chemical matters 
Symbol Definition Value Unit 
RO decomposition rate of POC 0.05 day-1 
θO temperature coefficient of decomposition of POC 1.05  
k ratio of fraction production of DOC to decomposition of POC 0.25  
wO sinking rate of POC 0.2 m day-1 
cpPOC ratio of phosphorus to carbon in POC 0.024 µgP (µgC)-1 
cnPOC ratio of nitrogen to carbon in POC 0.18 µgN (µgC)-1 
coPOC ratio of oxygen to carbon in POC 0.0035 µgO (mgC)-1 
RD relative decomposition rate of DOC 0.002 day-1 
θD temperature coefficient of decomposition of DOC 1.05  
cpDOC ratio of phosphorus to carbon in DOC 0.024 µgP (µgC)-1 
cnDOC ratio of nitrogen to carbon in DOC 0.18 µgN (µgC)-1 
coDOC ratio of oxygen to carbon in DOC 0.0035 µgO (mgC)-1 
hb thickness of the grid just above water bottom 0.5 m 
RDIP release rate of phosphorus from bottom 35 mgP m-2 day-1 
θDIP temperature coefficient of phosphorus release 1.1  
RNH4 release rate of ammonium from bottom 60 mgN m-2 day-1 
RNO3 denitrification rate of nitrate at bottom 200 mgN m-2 day-1 
θDIN temperature coefficient of nitrogen release and denitrification 1.09  
KDO aeration rate 3 day-1 
Appendix A.5 
Table 6 Bulk formulas for estimation of heat flux through water surface. 
Process Formulation 
solar radiation  refQQ ss  10 ,    zkQzQ s  exp0  
long wave radiation         aal TTTscCETsQ 
34 15.2734100495.0254.015.273 
hEE sa  ,  aa TTsE
 3.2375.7101078.6  
sensible heat transfer  WTTCCQ aHaah    











a
aa
a
a p
Ep
T
378.01
25.101315.273
15.273293.1  
latent heat transfer  WqqCLQ asEae    
sa
s
s Ep
Eq
378.0
622.0


aa
a
a Ep
Eq
378.0
622.0


 
Table 7. Definitions and numerical values of parameters in bulk formula 
Symbol Definition Value Unit 
Qs0 the observed global solar radiation b. c. J m-2 s-1 
Q (z) the heat flux at arbitrary water depth calculated J m-2 s-1 
ref the albedo 0.09  
s The emissivity 0.96  
 the Stefan-Boltzmann constant 5.67 x 10-8 W m-2 K-4 
c the constant due to latitude 0.65  
C the amount of cloud in the range from 0 to 1 b. c.  
Ea the atmospheric vapour pressure calculated  
Ta the atmospheric temperature b. c.  
Es the saturated vapour pressure calculated  
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h the relative humidity in the range from 0 to 1 b. c.  
Ca the specific heat of air 1.006 x 103 J kg-1 K-1 
a the density of dry air calculated kg m-3 
CH the bulk coefficient of sensible heat transport Kondo (1975)  
W the wind velocity b. c. m s-1 
qs the saturated specific humidity calculated  
qa specific humidity on the water surface calculated  
L the latent heat coefficient 2.45 x 106 J kg-1 
CE the bulk coefficient of latent heat transport  Kondo (1975)  
 b. c.: given by boundary condition 
 Calculated: calculated from the other parameters 
